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The use of electric current to activate the consolidation and reaction-sintering of materials is
reviewed with special emphasis of the spark plasma sintering method. The method has been
used extensively over the past decade with results showing clear benefits over conventional
methods. The review critically examines the important features of this method and their
individual roles in the observed enhancement of the consolidation process and the properties
of the resulting materials. C© 2006 Springer Science + Business Media, Inc.

1. Historical background
Sintering as an art had origins that are thousands of years
old. The formation of bricks by heating clay bodies in an
open pit fire is one of the earliest examples of sintering
practiced by ancient civilizations of Mesopotamia. The
practice is known to have existed as far back as 6000 BC
[1]. The ancient Egyptians sintered metals and ceramics
as early as 3000 BC and the Incas of South America used
sintering to make gold-platinum jewelry. Significant em-
pirically developed advances followed in the production
of ceramics in Egypt and Greece and porcelain in the
Near East, China, and Europe. Sintering as a solid-state
science came out of the empirical work began during the
period 1920–1950 [2]. Contributions to the understanding
of the basic phenomena of consolidation by mass transport
mechanism were subsequently made by Frenkel, Kuczyn-
ski, Lenel, Coble, Kingery, German, and others [3–8].

Understanding the basic phenomena and the important
parameters governing sintering has led to investigation on
means to activate the process. The objective of these in-
vestigations was to enhance mass transport to either make
possible the sintering of extremely refractory materials
or to lower the temperature of consolidation. Examples
of the former include activated sintering by addition of
a minor phase [9] and the motivation for the latter is the
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need to preserve nanostructure by minimization Ostwald
ripening [10].

One of the methods of activating the sintering process
involves the use of electrical current. Although the recent
widespread use of this approach has been generated by
the availability of commercially built devices, its origin is
much older. Patents issued as early as 1933 describe meth-
ods in which an electric discharge or current is utilized
to aid in the sintering of powders or the sinter-joining of
metals [11–13]. Subsequent work on what was then called
“spark sintering” was done by Lenel at RPI in the 1950s
[14], by scientists at Lockheed Missile and Space Com-
pany in California [15, 16] and Inoue in Japan in the in the
1960s and 1970s [17, 18]. As will be shown subsequently
in this review, the use of a current to aid in the sinter-
ing of materials has been applied in a large number of
investigations. Commercial units which have been devel-
oped over the past few decades include “plasma-assisted
sintering” (PAS) [19], “pulsed electric current sintering”
(PECS) [20], “electroconsolidation” also known as elec-
tric pulse assisted consolidation (EPAC) [21], and “spark
plasma sintering” (SPS) [22].

The emerging theme from the large majority of investi-
gations of current activated sintering is that it has decided
advantages over conventional methods including pres-
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sureless sintering, hot-pressing, and others. These advan-
tages include: lower sintering temperature, shorter hold-
ing time, and marked comparative improvements in prop-
erties of materials consolidated by this method. Lower
temperatures and shorter holding times have made it pos-
sible to sinter nanometric powders to near theoretical val-
ues with little grain growth [10, 23]. While in most cases
the evidence demonstrating the superiority of the current
activated sintering is clearly presented, the explanations
given to rationalize these advantages fall short of scien-
tific adequacy. In most cases the notion of the existence
of plasma is repeated routinely, almost as matter of faith
without providing evidence or justification.

In this review we intend to provide a critical discussion
of the field activated sintering process, emphasizing fun-
damental investigations made during the past decade. The
review is not intended to cover every paper published on
the subject, a task that would be formidable even if it were
deemed worthwhile. There are no less than a thousand
papers published on this subject during the past decade.
Moreover, a review that describes findings and observa-
tions only would not be helpful to those interested in the
fundamental issues related to this method of activated
sintering. As pointed out above, the vast majority of the
published papers present results showing improved con-
ditions and properties without delving on the role of the
current.

2. Field effects in materials processes
In general the work reported on the use of a current to ac-
tivate sintering tends to focus on the thermal effects of the
current. Joule heating provides high heating rates which
can provide a benefit by by-passing the grain coarsening
low temperature mechanisms (e.g. surface diffusion) [24,
25]. The effect of the pressure is also cited as aiding in
particle re-arrangement which contributes to the enhanced
sintering. But by and large, little attention is paid to the
intrinsic role of the current. That an electric field (con-
tacting and no-contacting) has an influence on materials
processes has been clearly demonstrated in a variety of
studies over several decades [26, 27].

The field has been shown to have an effect on: low-angle
grain boundary motion in ionic crystals [28], sublimation
of alkali halide crystals [29–31], phase transformation
in alloys [32, 33], plastic deformation in metals and ce-
ramics [34], hardenability of steel [35], microstructural
development in alloys [36], metal nuclei growth on ce-
ramic substrates [37], wave dynamics of self-propagating
reactions [38, 39], nucleation of nanocrystallites in bulk
metallic glasses [40], nucleation and growth of inter-
metallics and ceramic phases [41–44], and impregnation
of ceramics or glasses with nanocrystalline particles to
form functionally-graded materials [45]. In these investi-
gations the applied field was in both contacting and non-

contacting modes, with the former thus being a current
effect in reality.

The specific role of the field (current) is different de-
pending on the process being affected and on the nature
of the material being investigated. Since the focus of this
review is on sintering, the effect of the field on mass trans-
port will be the focus of the discussion here. The effect
of a field on mass transport can be evaluated form the
electromigration theory [46]:

Ji = − DiCi

RT

[
RT ∂ ln Ci

∂x
+ Fz∗E

]
(1)

where Ji is the flux of the diffusing ith species, Di is the
diffusivity of the species, Ci is the concentration of the
species, F is Faraday’s constant, z∗ is the effective charge
on the diffusing species, E is the field, R is the gas constant,
and T is temperature.

However, under the typical current activated sintering
(e.g., the spark plasma sintering, SPS) the temperature
and current are not independent parameters and thus the
thermal effect of the current (Joule heating) cannot un-
ambiguously be separated from the intrinsic role of the
current. We have recently designed and conducted exper-
iments in which the intrinsic role of the current can be
determined [41–43, 47]. In these experiments we utilized
a layer geometry, typically consisting of three layers. One
layer of one metal is sandwiched between two layers of
another metal and annealed with and without a current
at a constant temperature. The results show a remarkable
influence of the current on mass transport contributing to
the formation of intermetallic phases, as can be seen from
Fig. 1 [43, 47]. The three depicted samples for the Al-Au
system were annealed at the same temperature (500◦C) for
the same time (4 h) but under different current densities:
in the first part the annealing was done without current
while in the second and third parts annealing took place
under current with two density levels. It can be clearly
seen that the growth of the total intermetallic layer at the
Al and Au interefaces is markedly affected by the cur-
rent. This is better shown quantitatively in Fig. 2 [43, 47]
where the growth rate at 400◦C (reflected by the slope of
the lines) changes depending on the presence and density
of the current. In addition to the change in the growth rate,
the figure also shows a change in the incubation time for
the nucleation of the product layer (within the limits of
resolution of measurements). In the absence of a current,
the product layer is not measurable until after more than
20 h of annealing. This incubation time for phase nucle-
ation is reduced drastically as the intensity of the current
is increased, becoming nearly zero when annealing was
done under a current density of 103 A.cm−2. Similar ob-
servations were made on the system Ni-Ti [42]. In this
system a kinetic analysis showed that the intrinsic growth
rate constant could be as much as a factor of 40 higher
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Figure 1 Effect of electric current on growth of intermetallic product layer at two Al/Au interfaces, annealed at 450◦C for 4 h (outer layers are Al and
inside layer is Au): (a) no current, (b) current density=0.51×103 A/cm2, and (c) current density=1.02×103 A/cm2.

Figure 2 Effect of current on growth rate of intermetallic layer forming
between Al and Au layers. Thickness is plotted vs. the square root of time
for a parabolic growth.

in the case of current annealing relative to current-free
annealing. In addition it was demonstrated that the acti-
vation energy for the formation of the various phases in
this binary decreased with an increase in the intensity of
the current.

In the results briefly described above, the direction of
the imposed DC current had no effect on the growth of
the intermetallics, in contrast to expectations based on
electromigration theory [46]. However, as will be seen
later, a direct comparison with classical electromigration
studies cannot be made since in the situation in this case
is complicated by the nucleation of and subsequent dif-
fusion in the new phase. Regardless of this, the results
show clearly that the imposition of a current has a pro-
nounced effect on mass transport. Thus the question is:
what is the basis of this effect? In other words, what
mechanism of mass transport is being affected by the cur-
rent? In part, the answer for this comes from an earlier
study by Kumar et al. [48], in which it was shown that
the imposition of a current increased the concentration
of vacancies in a copper-aluminum alloy. More recent
work in our laboratory has provided additional insight
on the effect of the current. To avoid the complication

Figure 3 The change in low momentum fraction with time for Ni3Ti
annealed in the presence and absence of a current. The curve indicates the
annealing out of point defects in this intermetallic phase with and without a
current.

of the nucleation of a new phase, the recent work fo-
cused on the annealing of quenched-in point defects in
an alloy, Ni3Ti [49]. Using positron annihilation spec-
troscopy (PAS), it was shown that the imposition of a DC
current increased the annealing rate of point defects, as
shown in Fig. 3. This was attributed to a 24% decrease
in the activation energy of mobility. Lack of a direc-
tional dependence on the current was interpreted in terms
of an electron wind effect modified by the requirement
of maintaining composition in this ordered intermetallic
phase.

At the present level of understanding, the observed cur-
rent’s influence on mass transport can be attributed to one
of the several intrinsic effects including electron wind
modification of the diffusion flux (i.e., electromigration)
[47], an increase in point defect concentration [48], or
a reduction in the mobility activation energy for defects
[49]. The results discussed above were not obtained un-
der SPS conditions. However, as will be discussed in the
following section, mass transport enhancement has been
observed under the latter condition and the applicability
of the interpretation provided for these observations is
assumed to be valid under SPS condtions.
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3. The spark plasma sintering process:
Background

As indicated above, the method used to sinter powders
under the effect of current and pressure has been referred
to by several names, perhaps the most common of which
is spark plasma sintering, or SPS. We note, however, that
in more recent publications scientists who used the trade-
marked SPS equipment refer to their method as pulsed
electric current sintering (PECS). This is possibly done
to avoid the use of the word plasma whose existence, as
pointed out above, has yet to be unambiguously demon-
strated. Nevertheless, in this review we will use the SPS
designation, since by far the largest number of investiga-
tors utilized this rubric in their publications.

The importance of the SPS method as a tool for
consolidation of powders process has been demonstrated
by the large number of papers published during the past
decade. Although excellent short overviews have been
published [50, 51], no attempt has been to provide a
comprehensive review of the process. Fig. 4a shows a
seemingly exponential increase in the number of papers

Figure 4 Statistics of publication on the SPS process: (a) Papers published
each year since 1994, (b) total publications by country over the same period.
Note: the data for 2004 are likely to be incomplete.

on SPS published since 1994. In that year only a handful
of papers were published while in the last year with
complete data (2003), more than 150 papers were pub-
lished. The apparent decrease for the year 2004 reflects
an incomplete data at the time this survey was made; the
actual final number will likely exceed that of the previous
year. Since the effort to commercialize the method was
initiated in large scale in Japan, it is not surprising that the
vast majority of papers published are from Japan, as can
be seen in Fig. 4b. China and Korea are second and third,
respectively, while the other countries contributed fewer
than about 30 papers each. In part this distribution reflects
the availability of the equipment in these countries,
with Japan having by far the largest number of SPS
units.

The SPS process utilizes pulsed high DC current along
with uniaxial pressure to consolidate powders. It is shown
schematically in Fig. 5. The success of the process has
been highlighted by noteworthy achievements of, for ex-
ample, cleaner grain boundaries in sintered ceramic mate-
rials [52, 53], a remarkable increase in superplasticity of
ceramics [54], higher permittivity in ferroelectrics [55],
improved magnetic properties [56, 57], improved bonding
quality [58], improved thermoelectric properties [59, 60],
and reduced impurity segregation at grain boundaries [53].
Furthermore, through the use of prior mechanical activa-
tion (high energy milling) on reactant powders, the SPS

Figure 5 Schematic of the SPS process.
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T AB L E I Selected examples of the utilization of the SPS method

Material category Materials investigated References

Armor materials Al2O3; (TiB2)0.95Ti0.05 69
Biomaterials Hydroxyapatite 70, 71
Catalysts Ni-Mo 72
Cellular structures Ni-P alloy 73
Cemented carbides WC-Co 74, 75
Composites TiB2-TiC; AlN-TiB2 76, 77
Dielectrics Ba0.5Sr0.5TiO3; 78, 79

Ba6−3xSm8+2xTi18O54

Electroceramics ZrO2 10, 80
Electrode materials Ni-Mo 81
Ferrites Mn-Zn, Ni-Zn 82, 83
Ferroelectrics BaTiO3; NaNbO3 84, 85
FGMs Nb5Si3/Nb; Ti-Si-C 68, 86
Glassy materials Fe-Co-Nd-Dy-B; 87, 88

Fe-Co-Ga-P-C-B
Hard materials WC, SiC, B4C 89, 90, 65,

66
Intermetallics NbAl3; FeAl; NiTi 91, 92, 93
Joining of materials Mo/CoSb3 94, 95
Laminates SiC/TiC; 96, 97

Si3N4-SiC/BN-Al2O3

Machinable ceramics Si3N4/BN; Al2O3/Ti3SiC2 98, 99
Magnetic Nd-Fe-B; Nd-Fe-Co-V-B 100, 101
Nanostructures ZrO2; Ti-Al-B 10, 102
Nanotubes Carbon 103, 104
Phosphors ZnS family 105
Piezoelectrics K-Na niobate; 106, 107

Sr-Ca-Na niobate
Porous materials Al; FeSi2 108, 109
Pyroelectrics Pb zirconate-Pb titanate-Pb 110
Shape memory materials Cu-Zn-Al; NiTi 111, 112
Solid solutions TiB2-WB2-CrB2; TiB2-WB2 113, 114
Sputter targets In-Sn oxide; Pb titanate 115, 116
Superconductors MgB2; Nb3Al 117, 118
Synroc Titanate ceramics 119
Thermoelectric (Bi,Sb)2Te3; Mg2Si 120, 121
Transparent ceramics MgO; AlN 122, 123

process has been used to simultaneously synthesize and
densify nanostructured ceramic, intermetallic and com-
posite materials in bulk form [61–66]. It has also been used
to microalloy ceramics for ductility improvement [67],
and to form functionally-graded materials [68]. The above
references serve only as examples of a large number of
investigations published on the use of the SPS method. As
was mentioned at the beginning of this review, our intent is
not to discuss all published papers but to provide a review
on those which dealt with fundamental issues concerning
field activation in general and the SPS method in more de-
fined terms. However, to make this review useful to those
interested in specific applications, we provide in Table I
a summary of research activities utilizing the SPS with a
specific material designation. In view of the large number
of publications, the papers referenced in Table I repre-
sent, per force, only selected examples from the recent
literature.

In most of the published accounts, it has been vari-
ously concluded that the SPS process produced materi-

als with decidedly improved properties. Improvements
in mechanical properties [124, 125], oxidation and cor-
rosion resistance [125, 127], optical transmission [128],
microstructure [129, 130], and electrical properties [53,
131] have been reported. An attempt to critically eval-
uate these results is difficult since it is not possible to
separate the effect of density and temperature from any
intrinsic effect of the process. In nearly all investigations
using the SPS method it is reported that higher densi-
ties and lower sintering temperatures are achieved. The
high density and the concomitant smaller grain size have
a direct effect on nearly all properties investigated on
the sintered materials. Thus it is likely that many of the
claims of superiority of the method are likely to be re-
lated to these microstructural considerations. In stating
this, however, it not intended to conclude that other, in-
trinsic effects are not operative. A discussion of these
with specific reference to the SPS process will be given
below.

4. Characteristics of the process
The SPS process involves the sintering of powders un-
der the simultaneous influence of a current and pressure.
Powders are placed in a die (typically graphite) and heat-
ing is effected by passing a current (typically pulsed DC)
through the die and the sample (if the latter is conducting)
while a pressure is applied on the powder. The charac-
teristics, therefore, include (a) high heating rate, (b) the
application of a pressure, and (c) the effect of the current.
While similar in some aspects to hot-pressing, the SPS
process is typically characterized by a higher heating rate
and the application of the current. In what follows we will
examine these parameters and discuss their role in the suc-
cess of this process as a method to sinter or reaction-sinter
materials.

4.1. Effect of heating rate
One of the significant differences between the conven-
tional hot-pressing and SPS methods is the heating rate.
In the latter heating rates as high as 1000◦C/min can be
achieved. This feature of the SPS method is related to the
way in which the sample and the die are heated, as will
be discussed below.

The effect of heating rate on sintering has been inves-
tigated considerably in both pressureless and pressure-
assisted sintering. In pressureless sintering, higher heat-
ing rates have been shown to enhance densification by
by-passing the non-densifying mechanism of surface dif-
fusion and by creating an additional driving force due to
large thermal gradients [24]. The objective is to suppress
particle coarsening and enhance particle sintering. Inves-
tigations on the effect of heating rate on densification and
grain growth in the SPS have produced conflicting results,
however. In the sintering of Al2O3 (a non-conductor) and
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MoSi2 (a reasonably good conductor), it was found that
heating rate (between 50 and 700◦C/min) had no effect
on the final density for samples sintered at the same tem-
perature and for the same hold time [132]. The grain size
of alumina showed a dependence on heating rate (had an
inverse relationship with heating rate) but that of MoSi2
had no dependence on heating rate. In contrast to these
observations, the work of Shen et al. [133] on alumina
showed that heating rate had little effect on the density
up to a value of about 350◦C/min and then had a negative
effect on the final density with higher heating rates (the
density decreased as the rate increased up to 600◦C/min).
The grain size, however, showed a dependence which was
strongest for lower heating rates (the grain size decrease
was significant as the heating rate increased fro 50 to
200◦C/min). In a more recent study by Zhou et al. [134],
it was shown that heating rate in the range 50–300◦C/min
had no marked influence on the final density of alumina
but had a significant effect on the grain size (grain size
decreased with increasing heating rate).

In our recent work on the densification of nanometric
fully-stabilized cubic zirconia [10], we observed similar
effects: no dependence of the final density on heating rate,
but a similar dependence of grain size for rates ranging
from 50 to 300◦C/min. In an earlier conventional sinter-
ing study, Chen and Mayo [135] investigated the effect of
heating rate of partially-stabilized (3 mol% yttria) zirco-
nia with two different particle sizes. For submicrometer
sized powders, the final density showed no dependence
on heating rate but for nanometric powders an increase
in heating rate resulted in a decrease in the final density.
The authors explained this latter observation on the ba-
sis of large thermal gradients existing with high heating
rates. These in turn cause the outside of the sample to sin-
ter while the inside still has considerable porosity. This
point leads us to focus on the accuracy of temperature
measurements in typical SPS experiments. The different
observations are, in part, due to uncertainty in tempera-
ture measurements since in most cases this parameter is
measured pyrometrically on the surface of the graphite
die [136].

4.2. Effect of applied pressure
When powders are sintered under an applied pressure,
higher densification is achieved at the same temperature.
There are numerous examples based on the use of hot-
pressing investigations [137]. The pressure has a mechan-
ical role as well as an intrinsic role. Mechanically the
pressure has a direct effect on particle re-arrangement and
the destruction of agglomerates, particularly in the case of
nanometric powders. The intrinsic effect of the pressure
can be assessed from the driving force for sintering:

dρ

(1 − ρ)dt
= B

(
g
γ

x
+ P

)
(2)

where ρ is the fractional density, B is a term that includes
diffusion coefficient and temperature, g is a geometric
constant, γ is the surface energy, x is parameter that rep-
resent a size scale (an hence is related to particle size), t
is time, and P is the applied external pressure. The first
term on the RH side of Equuation 2 represents the in-
trinsic driving force for sintering while the second term
represents the intrinsic contribution to the driving force by
the applied pressure. The significance of the pressure on
sintering thus depends on the relative magnitudes of the
two terms. When the particle size (related to γ ) is small,
the relative contribution of the pressure is small, but be-
comes significant as the particle size increases. The point
at which the two contributions are equal is represented
by

P = g(γ /x) (3)

Equation 3 provides the determination of the critical par-
ticle size above which the contribution of the pressure to
the densification driving force becomes dominant. In a
study on the sintering of nanometric pure zirconia, Skan-
dan et al. [138] found that the pressure had no effect on
the relative density of fine-grained powder (6 nm) up to
a pressure of about 35 MPa, but the density increased
sharply when higher pressure was used. For larger par-
ticle size powder (12 nm), the same behavior was seen
except that the transition occurred at about 10 MPa.

The influence of pressure can be examined at a more
fundamental level. Under a stress, the chemical potential,
µI, at a particle interface is modified such that [139],

µI = µ0
i − σn�I (4)

where µ0
i is the reference (or standard) chemical poten-

tial, σ n is the normal stress at the interface, and �I is
the atomic volume of the diffusing species. In Equation
4 a tensile stress is positive while a compressive stress
is negative. Incorporating electric fields induced by space
charge in ionic materials, Raj and co-workers [139, 140]
modified the above relationship such that

µ′
I = µ0

i − σn�I + ezφ (5)

where µI
′ is now the electrochemical potential, e is the

electron charge, z is the valence of the diffusing ion, and
φ is the local electric potential. The validity of Equa-
tion 5 was demonstrated by Pannikkat and Raj [140] by
measuring a potential difference on two faces of zirconia
samples, one subjected to stress while the other was stress-
free. This consideration has implications in SPS sintering
of ionic materials and it has not received any attention to
the best of our knowledge.

The above discussion can be summarized in terms of
an increased driving force for sintering as a result of the
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Figure 6 Effect of pressure on the temperature needed to get 95% relative density for cubic ZrO2. The corresponding decrease in grain size is also shown.

Figure 7 The effect of applied pressure on the density and grain size of cubic ZrO2. Constant temperature of 1200◦C, hold time 5 min, heating rate
200◦C/min.

application of a pressure. This leads to a decrease in the
sintering temperature and a limitation of grain growth.
Validation of this conclusion has been provided in many
of the recent SPS investigations. Fig. 6 shows the effect
of pressure on the sintering temperature required to ob-
tain a 95% relative density of nanometric cubic zirconia
(with 5 min hold time) sintered in an SPS apparatus [23].
The figure also shows grain size obtained under these
conditions. The temperature required to achieve the 95%
density decreases linearly with the logarithm of the ap-
plied pressure. The grain size decreased from about 200
to 15 nm. The effect of pressure on density and grain size

when sintering was carried out at constant temperature
is shown in Fig. 7 for another powder of cubic zirconia
[10]. It is seen that while the pressure has no effect on the
grain size, it has a marked influence on the density after
sintering for 5 min at 1200◦C.

4.3. Role of the current
As pointed out above the major difference between con-
vention hot-pressing and the SPS methods relates to dif-
ferences in heating rate, which are in turn due to the meth-
ods in which the sample and the die are heated in the two
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cases. Typically, in hot-pressing the sample (and the die)
is heated by radiation from an enclosing furnace. In con-
trast, in the SPS method the die (typically graphite) and
sample are heated by Joule heating from a current passing
thorough them (if the sample is conducting). However, in
addition to providing heat, the current (typically pulsed
DC current) has been assigned another role: that of creat-
ing plasma. The plasma is proposed to cause a cleansing
effect on the surface of the particles leading to sintering
enhancement. This role of the current has been advocated
by many [22, 133, 141, 142] and has been doubted by
others for lack of unambiguous experimental evidence
[143–145]. Tokita [146] has presented evidence for neck
formation between particles because of plasma. However,
this evidence has been described as not convincing by
others [144]. On the other hand, in an investigation on
the sintering of Al powders by SPS Ozaki et al. [147]
concluded that no discharge was present when the con-
ducting graphite die was used. With regard to the role
of plasma, the recent work of Yanagisawa et al. [148] is
worth noting. Copper powder particles were subjected to
single-pulse discharges (500 ms duration) and the authors
observed that sparks could form between some but not all
particles. However, the important observation was that the
neck formation occurred in both cases with no apparent
advantage of spark formation.

The existence of plasma (discharge) must be evaluated
with other considerations. These include the role of ap-
plied pressure and the stage of sintering. Both of these
parameters relate to the formation of large contact areas
between the particles. While initially, a discharge may be
possible in conducting powders, as contacts between par-
ticles increase (because of sintering or the applied pres-
sure), the likelihood of discharge becomes small. This
issue becomes further complicated when one examines
the sintering of non-conducting powders, e.g., alumina.
Makino’s work on the sintering of Al2O3 showed that
only a small current (about 100 mA) can pass through the
sample at 1000◦C, which is relatively insignificant when
compared with the total current (about 1000 A) [149].
In a similar study, Tomino et al. [150] concluded that
no current passed through the alumina samples and thus
these findings seem to rule out the generation of discharge
within the non-conducting sample.

4.3.1. Effect of pulsing
An important aspect of the current application in the SPS
is the pulsing and its proposed effect on the creation of the
plasma and hence its influence on the sintering behavior.
Two recent publications on the effect of pulsing are worth
noting here. Xie et al. [145] investigated the effect of
the frequency of pulsing on the sintering of aluminum.
They sintered samples at pulse frequencies of 10, 40, and
300 kHz and also with DC current (0 Hz) and found no

Figure 8 SPS pulse patterns for various on:off settings.

effect on relative density, electrical resistivity, and tensile
properties of the sintered material.

In a more recent investigation, Chen et al. [44] inves-
tigated the effect of pulsing on the reaction and prod-
uct formation between layers of Mo and Si in the SPS.
Pulse waveforms generated in the SPS (Sumitomo, Model
1050), depicted in Fig. 8, show that the voltages are not
constant for all pulses and in some cases, the number of
pulses is not the same as the set value (for example the 2:8
pattern contains 3 on pulses rather than 2). As the pattern
changes with more off than on pulses (e.g., from 8:2 to
2:8), the amplitude of the voltage of the pulse increases
to compensate for the power requirement under constant
temperature control, Fig. 9. Fig. 10 shows that the RMS
value of the current remains constant regardless of the
change in pulse pattern, an observation consistent with
the fact that the RMS value is indicative of the dissipated
power which must be constant if the temperature of the
sample is to remain constant fr all these patterns. In order
to evaluate the effect of pulsing pattern on mass transport
in the SPS, Chen et al. [44] examined the reactivity be-
tween layers of Mo and Si since such a geometry leads to
easier interpretation of the sought after effect. The results
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Figure 9 Effect of pulse pattern on voltage amplitude in the SPS.

Figure 10 Changes in peak, average and RMS values of the current with
pulse pattern in the SPS.

showed that the thickness of the product layer (primarily
MoSi2) was independent of the direction of the current (or
the electrons); the thickness was the same regardless if the
electrons flowed from Si to Mo or the opposite. More im-
portant, however, is the observation that the thickness of
the product was independent of the pulse pattern, as can
be seen from Fig. 11.

4.3.2. Effect of the current on mass transport
As was pointed out in a previous section of this review,
the application of a current has an influence on mass
transport. The influence can be manifested through the
electron wind effect (electromigration) [46], or by an in-
crease in point defect [48], or by a decrease in the acti-
vation of migration of the defects [49]. The determina-

Figure 11 The effect of pulse pattern on the growth of MoSi2 at different
temperature in the SPS.

tion of this intrinsic influence must be isolated from the
Joule heating accompanying the passage of the current as
has been done in our recent investigations [41–43, 47].
However, in the SPS, the current and temperature are de-
pendent variables and their influence cannot be clearly
separated. Nevertheless, we have conducted experiments
in the SPS to determine the effect of the current on mass
transport involved in the reaction between Mo and Si
[136]. The sample was again in the form of a three layer
ensemble: an Si wafer between two Mo foils. In such
experiments it is crucial that the temperature of the sam-
ple is measured accurately which was accomplished by
a thermocouple in contact with the bottom of the sam-
ple. For the case of reactivity with a current, no die was
used and the current flowed through the sample assembly
only. And for reactivity without a current, the sample was
placed in a die but was electrically isolated by two alu-
mina wafers placed at the top and bottom of the sample
assembly.

When the reaction between Si and Mo was carried
out under the influence of a current, products (primar-
ily MoSi2 with minor amounts of Mo5Si3) formed at
the two Mo/Si interfaces representing two different di-
rections of the electrons (from Si to Mo and from Mo
to Si). As Fig. 12 shows, there is no difference in the
thickness of the product layer at both interfaces. In the
classical electromigration experiments a dependence on
the current direction is anticipated, but in those cases
the diffusion is in dilute solutions without the compli-
cation of phase formation and its diffusional require-
ments as has been discussed elsewhere [42]. What is
more important, however, is the observation that the cur-
rent (under a constant pulse pattern of 12:2) had a sig-
nificant influence on the reaction between Mo and Si in
the SPS, as can be seen in Fig. 13. A kinetic analysis
of the rate of growth of the product with and without a
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Figure 12 Comparison between MoSi2 layer thickness at the two (Mo-Si
and Si-Mo) interfaces relative to the direction of the current.

Figure 13 Growth rates of the MoSi2 layer at different temperatures in
presence and absence of current.

current gave approximately the same activation energy
(168 vs. 175 kJ/mol with and without a current, respec-
tively), implying that the mechanism of formation of the
product phase was not altered by the current. Thus it
is likely that the enhanced mass transport is due to a
change in defect concentration or enhanced mobility of the
defects.

5. Modeling study on the SPS process
Relatively few attempts have been made to simulate the
SPS process and gain insight on the effect of its various
parameters. In all of these, however, the role of the current
has been restricted to Joule heating. The early attempts to
simulate the effect of a current on the reaction between
powders in a compact focused on the kinetics and dy-

namics of the reaction front [151]. In that study, which
did not include the die in the simulation, it was shown
that the assumed volume combustion (where the reaction
between powders takes place simultaneously over the en-
tire sample is not valid for all conditions, but depended
on the nature of the material and the size of the sample.
Waveform reactions occurred when samples of larger di-
ameter were used. More recent simulation studies have
accounted for the die and in this regard are more closely
relate to the conditions of the SPS [152–154]. Heian et al.
[154] simulated the conditions under which a compos-
ite of MoSi2/SiC is synthesized from the elements in the
SPS. Again the model assumed the contribution of the
current to be only thermal (Joule heating) and it did not
account for the role of the pressure. The results showed
the sequence of phase formation and the shape of the re-
action front and their dependence on sample size. Fig. 14a
and b show the time dependence of the profiles of tem-
perature, current, conversion of MoSi2, and conversion of
SiC for samples with radii of 1 and 4 cm, respectively.
In these figures the thickness of the graphite die is 1 cm
for both cases. It can be seen that for the smaller sample
the combustion reaction is of the volume type for both
components (i.e., takes place simultaneously throughout
the sample). In contrast the combustion reaction is of the
waveform for both when the sample is larger. The signifi-
cance of this relates to the fact that waveform combustion
is associated with large temperature gradients and hence
an influence on microstructure. The effect of sample and
die conductivity on the process of formation of the com-
posite in the SPS was also evaluated in this modeling
study [154].

The temperature and current distribution in the SPS
was modeled recently for conducting (copper) and non-
conducting (alumina) samples [155]. Current density dis-
tributions for these cases in the vertical and radial di-
rections are shown in Figs. 15 and 16, respectively. As
anticipated, the non-conducting sample does not carry
any current, an obvious observation with significant im-
plication in the concept of plasma or discharge in the
SPS, as was pointed out above. In such a case, the sam-
ple is heated thermally from the die, as can be seen from
Fig. 17 (the sample size is 19 mm diameter). The tem-
perature within the sample does not become relatively
uniform until after about 100 s of heating. Since mod-
eling has shown that the highest current density (and
hence temperature) is located in the punches of the die
[155], the location of the sample along the vertical axis
inside the die becomes important. Fig. 18 shows the dif-
ference in temperature between two faces of a 3 mm thick
alumina sample as a function of displacement from the
muddle point of the die. A displacement of 6 mm re-
sults in a �T of about 100◦C. An experimental verifi-
cation for the occurrence of such a temperature differ-
ence was provided by an investigation on the sintering
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Figure 14 Modeling results of time dependence of profiles of temperature, current, conversion to MoSi2, and conversion to SiC for SPS synthesis of
MoSi2/SiC composites: (a) sample radius=1 cm, and (b) sample radius=4 cm.
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Figure 15 Current density distribution along the vertical (z-axis) of die and
sample assembly in the SPS: (a) non-conducting (alumina) sample, and (b)
conducting (copper) sample. Applied voltage=5 V.

of cubic zirconia. Fig. 19 shows a ZrO2 sample sintered
in at 1200◦C with discoloration on one side [155]. The
dark portion represents oxygen deficiency in the oxide
as a result of the low partial pressure of oxygen in the
SPS [10, 156]. This pressure is a function of tempera-
ture and the white portion of the sample saw a lower
temperature.

Figure 16 Radial distribution of current density for (a) alumina, and (c)
copper. Applied voltage=5 V.

Figure 17 Calculated temperature distribution along vertical axis for dif-
ferent times after the application of current in the SPS. Alumina sample is
3 mm thick; applied voltage=4 V.
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Figure 18 Calculated temperature differences between two faces of sample
as a function of vertical displacement from center of die. Sample: 3 mm
thick alumina; applied voltage=5 V.

Figure 19 Discoloration gradient in nanometric zirconia sample sintered
at 1200◦C for 5 min under pressure of 106 MPa.

6. Concluding remarks
The use of a current or electric discharge to enhance sin-
tering has been known for more than seven decades. The
recent commercialization of the technique has resulted
in the widespread use of this form of activated sintering,
with more than 150 papers published per year recently.
In most of these literature accounts a clear benefit of the
method, relative to conventional consolidation techniques
is demonstrated: higher density, smaller grain size, cleaner
grain boundaries, and other attractive properties. The ex-
planation generally advanced for these observations is the
role of presumed plasma forming between particles in the
sintering compacts.

The significant features of the spark plasma sintering
(SPS) method include high heating rate, the application
of pressure, and the effect of the current. An analysis of
each of these parameters is provided, with emphasis on

fundamental aspects. The intrinsic contributions of the
current to mass transport have received little attention,
but their role in SPS and non-SPS processes has been
clearly demonstrated in recent investigations. While the
role of plasma has been advocated, its existence in SPS
experiments, particularly when non-conducting powders
are used, has not been unambiguously demonstrated and
remains an important objective of attempts to provide a
clear understanding of the process. Such a fundamental
investigation (and related research) would help avoid the
creation of a “black box” stigma for the SPS by providing
the physical underpinnings of the process.
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